depending on the chemical nature of the host and dye molecules. 23 Another advantage with complexation is that it helps to disperse poorly soluble dyes and prevents aggregation.
In this study, we used experimental and computational methods to assess the mechanisms by which supramolecular encapsulation of sulfoindocyanine dye by CDs and CBs alter the dye's photophysical properties. Cyanine was chosen as the dye-of-interest because of its widespread use in labeling proteins and DNA, photodynamic therapy, microarrays, and optical recording. 34, 35 Also, indocyanine green, a member of the cyanine family that excites at near-infrared wavelengths, is currently an FDA-approved dye used in many clinical diagnostic applications. 36 Specifically, we studied the widely used Cy3-maleimide dye, hereafter simply referred to as Cy3
( Figure 1 ), since its peak absorption wavelength lies within the visible spectrum at 550 nm.
Several CDs and CBs were first computationally screened as viable hosts for trapping Cy3.
Hosts that showed promise for Cy3 binding were further experimentally tested for complex formation using fluorescence correlation spectroscopy (FCS). Detailed insights into the mechanism of the dye's photophysics were obtained through steady-state (UV-Vis) and timecorrelated single-photon counting (TCSPC) measurements. Finally, we determined the effect of supramolecular encapsulation on the photostability of Cy3, and elucidated the underlying mechanism.
RESULTS AND DISCUSSION
Host selection though computational modeling. Seven hosts, including three cyclodextrins (α-CD, β-CD, and methyl-β-CD) and four cucurbiturils (CB [5] , CB [6] , CB [7] , and CB [8] ), were initially selected as potential hosts for Cy3. Through flexible molecular docking of Cy3 to each of these hosts, 37 we found that the cavity sizes of α-CD, CB [5] , and CB [6] are too small to Color legend: white -hydrogen, grey -carbon (dye), pink -carbon (host), blue -nitrogen, redoxygen, and yellow -sulfur.
form an inclusion complex with Cy3, and therefore ruled out these hosts from further analysis.
For the rest of the hosts, we further optimized the geometry of the docked conformation using a more accurate semi-empirical quantum-mechanical energy model, PM6-DH2. 38, 39 Lowest energy (i.e. most stable) conformations of the host-Cy3 complexes thus identified are shown in Figure 1 .
The headgroup chromophore region of Cy3 was found to be docked inside the host's cavity, in all the cases. Based on these lowest-energy conformations, we infer that Cy3 binding to CBs is primarily mediated through hydrophobic interactions, whereas binding to CDs is mediated by both hydrophobic interactions and hydrogen bonding between Cy3's sulfonate groups and the hydroxyl groups at CD's portal rims. Not only do CB-Cy3 complexes lack the hydrogen bonding observed in CDs, the sulfonate groups of Cy3 are positioned away from the carbonyl portals of CB, which is likely due to the strong negative electrostatic field created by the carbonyl groups at the portal rims.
Binding affinities of the different host-Cy3 complexes were estimated by computing the interaction energies using a semi-empirical quantum-mechanical energy model (shown in Figure   1 ). 40, 41 While solvent effects were accounted for by using a continuum solvation model, entropic effects were neglected. Binding of Cy3 to β-CD and methyl-β-CD was highly favored with interaction energies of approximately -40 kcal/mol. On the contrary, CB [7] and CB [8] showed much weaker interaction with Cy3 ( Figure 1) , with interaction energies of -2.4 and +7.1 kcal/mol, respectively. This result suggests that CDs have a higher affinity to Cy3 than CBs, and CB [7] have a slightly better affinity than CB [8] . CBs are well known to exhibit strong binding affinity towards cationic and neutral guests. 26 Given that Cy3 carries a net negative charge, the weaker interaction predicted for Cy3 and CBs was expected. As host-guest binding is generally entropically unfavorable, 40, 42 the positive interaction energy (unfavorable), +7.1 kcal/mol, between CB [8] and Cy3 indicates that Cy3 will not form an inclusion complex with CB [8] . The unfavorable interaction between the sulfonate groups of Cy3 and the carbonyl portals of CB might have been overcome by the strong hydrophobic interactions in CB [7] , but not in CB [8] .
Together, these results suggested that CDs are likely to have a stronger influence on the photophysical behavior of Cy3 compared to CBs, as they bind more tightly to the chromophore region of Cy3.
Single-molecule detection of host-Cy3 complexes. Hosts that were computationally identified to interact favorably with Cy3, that is β-CD, methyl-β-CD and CB [7] , were chosen for further experimental characterization. To confirm that these hosts form supramolecular complexes with Cy3, we measured the diffusion coefficient and thereof hydrodynamic radius of Cy3 in presence of the different hosts in water using the FCS method. Autocorrelation traces for free-Cy3 and the various complexes are shown in Figure 2A . A diffusion coefficient of 241 ± 12 µm 2 /s was recorded for free-Cy3 in water, which corresponds to a hydrodynamics radius of 8.1 ± 0.5 Å. The diffusion coefficient of Cy3 in the presence of CB [7] , β-CD, and methyl-β-CD was measured to be 206 ± 19, 180 ± 13, and 155 ± 4 µm 2 /s, respectively. The corresponding hydrodynamic radii were 9.5 ± 0.9, 10.9 ± 0.8, and 12.6 ± 0.3 Å, respectively (shown in figure 2B ). A significant decrease (increase) in diffusion coefficient (hydrodynamic radius) of Cy3 in the presence of different hosts confirms that the dye is being trapped by the host molecules.
As the host molecule forms a single-atom thick layer around the dye (as shown in Figure   1 ), we expected the hydrodynamic radius of host-dye complexes to differ from that of the freedye by only few Angstroms and to be independent of the host. However, the hydrodynamic radius of the dye varied significantly between the various hosts. Despite our attempt to saturate host-dye binding by using a low concentration of dye and high concentration of the host, the binding reaction may not have been saturated, in which case, the measured diffusion coefficient would be an ensemble average of both the bound and unbound populations of the dye. A larger radius would then correspond to a higher binding affinity, and vice versa. Cy3 complexes with
CDs do exhibit larger hydrodynamic radii compared to those with CBs, in accord with their predicted binding affinities. Alternatively, the observed changes in hydrodynamic radius could also arise from the differences in hydration structure. 
Molecular brightness enhancement. Supramolecular complexes of Cy3 exhibited significantly
higher brightness compared to the free dye ( Figure 2B ). Molecular brightness was quantified as the number of photons emitted per second per molecule. 13 Mean fluorescence intensity of the sample was determined from the raw fluorescence intensity traces obtained from the TCSPC instrument by dividing the total number of photons by the total duration of collection, and the average number of molecules in the observation volume was obtained from FCS. 43 Brightness of Cy3 was enhanced by a factor of 1.6 and 3.2 when bound to β-CD and methyl-β-CD, respectively. On the other hand, a slight decrease (10%) in the dye's brightness was observed when bound to CB [7] . While unexpected, it was interesting to find that methylation of β-CD had an additional two-fold enhancement in the brightness of Cy3, compared to β-CD, which is likely due to higher binding affinity of Cy3 to methyl-β-CD or to an additional increase in quantum yield and/or absorption. In any case, this enhancement in brightness is comparable to the 4.5 fold enhancement reported for a single Cy3 molecule when completely encapsulated in a calcium phosphate nanoparticle. 13 To delineate the underlying mechanism for the observed enhancement in brightness, or lack thereof, we measured the absorption/emission spectra of free-dye and the various complexes ( Figure 3 ). The absorption and emission spectra of Cy3 changed notably when complexed to CDs and CBs, confirming that the dye is in fact bound to these hosts with its headgroup chromophore region in the host cavity, as predicted by the computational model ( Figure 1) . A consistent red shift in the absorption and emission peaks was observed upon encapsulation, irrespective of the host. Similar bathochromic shifts were reported for several dyes upon forming supramolecular complexes with CDs and CBs, 24 and is generally characteristic of the low polarity of host's cavity region. The oscillator strength (integrated absorption spectrum) of Cy3 increased in the case of CDs, and decreased in CB [7] . These changes in oscillator strength may be explained by the differences in polarizability of the various hosts. Previously, Nau et al. have experimentally determined the polarizability of various molecular containers, 25, 44 and have
shown that polarizability of CB [7] is significantly lower compared to that of water, which explains the decrease in oscillator strength of Cy3 when complexed to this host. On the contrary, polarizability of β-CD is similar to that of water, and that of methyl-β-CD is significantly higher than that of water, which is also consistent with the observed increase in oscillator strength of Cy3 in these hosts.
A concomitant increase in quantum yield of Cy3 is also observed in all the complexes.
Quantum yield of Cy3 increased by 10%, 8%, and 14%, when complexed to β-CD, methyl-β-CD, and CB [7] , respectively. An increase in both the absorption intensity and the quantum yield of Cy3 in CDs, explains the observed large increase in molecular brightness. In contrast, the increase in quantum yield of Cy3 in CB [7] is compensated by the associated decrease in oscillator strength, resulting in no significant change in molecular brightness. The increase in quantum yield of Cy3 can be attributed to a decrease in the non-radiative decay rate. 45, 46 Previously, we and others have shown that trans-cis photoisomerization of the central methine bridge is the primary non-radiative decay pathway of Cy3 from the excited state. 13, [45] [46] [47] Confinement of the dye molecule through encapsulation results in a significant decrease in the non-radiative decay rate, enhancing the brightness of the dye. 13, 47 To test this hypothesis, we measured the fluorescence lifetime of the Cy3 in the free and complexed forms ( Figure 4A ).
Non-radiative decay rates of the dye were calculated from quantum yield and lifetime ( Figure   4B ). The non-radiative decay rate of the dye was significantly decreased when bound to either of the cyclodextrins, indicating that encapsulation by CDs significantly hinders the mobility of the dye, which is reasonable considering that these hosts exhibit tighter binding affinity to the dye.
On the other hand, the non-radiative decay rate of Cy3 was only slightly decreased when bound to CB [7] , which can also be attributed to the weaker binding affinity of this host. In summary, steady-state and time-resolved spectroscopy of the dye in free and complex states provided detailed mechanistic insights into the underlying changes in photophysics of Cy3 upon complexation.
Photostability. Photodegradation of the dye, i.e. irreversible degradation of the dye from emitting fluorescence, is another important property to be considered in choosing dyes for practical applications. To assess the effect of complexation on photostability of Cy3, we monitored the fluorescence intensity of the free dye, and the different complexes over the course and methyl-β-CD induced a significant increase in photostability of the dye, while CB [7] induced a significant decrease in dye's stability. However, in contrast to the photostability afforded by nanoparticle encapsulation, 12,13 the increase in photostability due to CD complexation is considerably less. In general, the key mechanism through which the dye undergoes bleaching is photooxidation, wherein the dye in triplet-excited state reacts with the ground-state oxygen to form oxygen radicals, which in turn reacts with the dye causing permanent damage to the dye. 48 The rate of photooxidation is dependent on both the rate of triplet-state formation and the rate of reaction with oxygen. Increase in photostability due to complexation or encapsulation is generally attributed to the shielding of the dye from reactive species in solution. 49, 50 Therefore, particulate encapsulation generally results in increased photostability of dye molecules. 7, 8, 13 Given that we observe an increase in photostability in CDs and a decrease in CB [7] , we suspect that the underlying mechanism is different from the "solvent shielding" effect. Also, as seen in Figure 1 , complexation of Cy3 with CDs and CBs affords only partial protection to the dye, with the dye being largely solvent-accessible. On the other hand, it has been previously shown that CB [7] encapsulation leads to increased triplet state formation, and CDs lead to decreased triplet state formation. 50, 51 Based on these studies, we propose that the triplet state formation and not solvent accessibility is the mechanism underlying the changes in photostability due to supramolecular encapsulation. The precise reason for these host-specific changes in triplet state formation is yet to be investigated.
In summary, we demonstrate that brightness and photostability of a cyanine dye, Cy3, is enhanced significantly by supramolecular encapsulation. Complex formation was confirmed at the single-molecule level using FCS. The underlying mechanisms for the enhanced brightness of complexed dye were elucidated using steady-state and time-resolved fluorescence spectroscopy.
Encapsulation-mediated increase in brightness of CD-Cy3 complexes is attributed to the higher binding affinity, better polarizability of the host, and restricted mobility of the dye within the host cavity. Furthermore, supramolecular encapsulation lead to significant changes in photostability of the dye, and we elucidate that triplet state formation is the underlying reason.
The enhancement of Cy3 due to supramolecular complexation along with the excellent biocompatibility of cyclodextrins advances the applicability of the dye for super-resolution imaging. Furthermore, the computational methods used here provide a rational way to search for better supramolecular hosts.
MATERIALS AND METHODS
Chemicals. Cy3-Maleimide was purchased from GE Healthcare. β-cyclodextrin, methyl-β-cyclodextrin, and cucurbit [7] uril were purchased from Sigma-Aldrich Co. LLC. All the chemicals were obtained at the highest purity available and used without further purification.
Computational modeling. Crystal structures of α-CD, β-CD, γ-CD, and CB[n] (n = 5, 6, 7, and 8) were obtained from the Cambridge structural database. 52 Geometry of methyl-β-CD was generated through respective methyl substitutions to the β-CD, followed by geometry optimization using the Avogadro software (http://avogadro.openmolecules.net). Initial structure of Cy3 was generated in a similar manner, using the structure of a closely related molecule from cyanine family obtained from PUBCHEM database. 53 Cy3 was docked in CDs and CBs using the AutoDock Vina software, 37 with the search space limited to a 1.5 x 1.5 x 1.5 nm cube positioned at the centre of mass of the host. All rotatable bonds of Cy3 were allowed to be flexible during docking, while the host structure was confined to the initial crystal configuration. Ten best scoring conformations obtained from the docking were further energy minimized using the PM6-DH2 semi-empirical quantum mechanical energy model 38, 39 and COSMO 54 continuum solvation model, in MOPAC software. 55 Interaction energies of the complexes were computed as the difference in energy of the complex and the sum of host and guest energies.
Time-correlated single photon counting (TCSPC).
Diffusion coefficient, fluorescence lifetime, and molecular brightness were measured using a custom-built time-correlated single photon counting (TCSPC) 56 instrument equipped with an Olympus IX71 inverted microscope and a water-cooled 80 MHz, 5.4 ps, 75 mW, pulsed solid-state laser (λ ex = 532 nm, High-Q laser, Hohenems, Austria). A detailed description of our TCSPC instrument is documented elsewhere. 43 Briefly, the excitation light from the laser was passed through an appropriate filter and expanded to match the back-aperture of the objective. The laser was operated at low excitation power (< 100 μW) to avoid photobleaching and triplet state formation, and to primarily capture fluorescence intensity fluctuations arising from diffusion of molecules through the confocal observation volume. Emission light from the sample was passed through a dichroic mirror, a set of high-quality emission filters, and a polarizer fixed at the magic angle (54.7º), and collected using a 50µm/0.22NA optical fiber that served as a confocal pinhole. The emission photons were detected using a GaAsP photomultiplier tube, and the photon arrival times were recorded using the SPC-630 TCSPC module (Becker and Hickl, Germany).
Characteristic diffusion time of the fluorescent molecule was determined by autocorrelating the fluorescence intensity signal and fitting to a single-component three-dimensional diffusion model given by, 57,58
where N is the average number of diffusing fluorophores in the confocal observation volume, τ is the autocorrelation time, w is the structure factor, and τ D (= r 2 /4D) is the characteristic diffusion time of the fluorophore with diffusion coefficient D crossing a circular area with radius r. Nonlinear least-squares fitting of the autocorrelation traces were performed using OriginLab 8.0 software. Radius of the observation volume determined from the known diffusion coefficient of Rhodamine 6G (D = 2.8 x 10 -6 cm 2 /sec in water) was ~ 400 nm and the structure factor was between 3 and 5 for all the experiments. Assuming that the diffusing fluorophore behaves as a hard sphere, hydrodynamic radius (R h ) was calculated from the diffusion coefficient using the Stokes-Einstein relationship, 59 D = K B T/6πηR h , where K B is the Boltzmann's constant, T is the absolute temperature, and η is the solvent viscosity (0.001 Pa.s for water). Molecular brightness was calculated as the ratio of the average fluorescence intensity signal to the average number of fluorophores (N) in the confocal observation volume.
Fluorescence lifetime was determined by fitting the histogram of photo arrival times (with respect to laser pulse time) to a bi-exponential decay model. Curve fitting was done using the FluoFit software (PicoQuant, Germany) by a process of iterative reconvolution given by the equation,
where I(t) is the experimental decay function, IRF(t) is the instrument response function, A i is the amplitude of i th lifetime, τ i is the i th lifetime, and n is the number of exponents (which is two in the case of bi-exponential decay model). The instrument response function (IRF) was collected from a sample of dilute scattering solution, prior to the experiment. Quality of the fitted curves was evaluated based on the autocorrelation of the residual curves. Average lifetime was calculated by intensity-weighting the individual lifetime components. All the measurements were taken at room temperature, with the dye and host concentrations at 10 nM and 1 mM, respectively, in deionised water.
Steady-state spectroscopy. Absorption and emission spectra of Cy3 in the free and complexed states in water were measured at a dye concentration of 3 µM, and a host concentration of 1 mM. Absorption spectra were obtained using the Agilent 8453 UV-Visible spectrophotometer (Agilent Technologies, Inc.), with a spectra bandwidth of 1 nm. Absorption spectra were corrected for the baseline value using the PeakFit software (Systat Software, Inc.) and absorption intensity at 532 nm was recorded. Emission spectra were obtained using RF-5301PC spectrofluorometer (Shimadzu, Inc.), with a spectra bandwidth of 1.5 nm. Emission spectra were collected at an excitation wavelength of 532 nm, and the emission wavelengths were restricted to the range of 540 nm to 700 nm. Quantum yields from the absorption and emission spectra were computed with Rhodamine 6G as reference, as described previously. 12, 13 Photostability assay. Photostability was characterized by monitoring the fluorescence intensity of the sample over time under constant epi-illumination. 13 The optical setup for epi-fluorescence microscopy was based on Olympus IX71 inverted microscope equipped with a 100 W Halogen lamp. Excitation light was passed through an appropriate filter before focusing in the sample through a 60x water-immersion objective (UPLAPO60XW, Olympus). Fluorescence emission was collected by the objective and passed through the emission filters to be detected by a highsensitivity electron-multiplier CCD camera (SensicamEM, The Cooke Corporation, USA). Fluorescence images were captured after every 10 seconds for a total duration of 130 seconds, while the sample was continuously illuminated. Sample preparation involved sandwiching a small volume (~10 μl) of the dye solution between two cover slips. Fluorescence images were analyzed using ImageJ software (http://rsbweb.nih.gov/ij/). Non-overlapping regions-of-interest (ROI) of 10 x 10 pixels were randomly selected from three different regions of the sample for analysis. Photobleaching curves were generated by plotting the mean intensity of each ROI versus time.
